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ANATYSIS OF EFFECT OF COMPENSATING-BELLOWS DEVICE
IN A PROPELLANT LINE AS A MEANS OF SUPPRESSING
ROCKET PUMP INLET PERTURBATTONS
by William Lewis and Robert J. Blade

Lewis Research Center

SUMMARY

An analysis of pressure and flow perturbations produced in a propellant
feed system by fundamental-mode longitudinal oscillations of the structure of
the vehicle is used to derive an expression for transfer function that relates
the pump-flow perturbation to unit structural oscillation velocity for a system
in which a compensating-bellows device is located between the feed line and the
pump inlet. The device consists essentially of an enclosed variable volume that
is controlled by the relative motion of two parts of the structure that oscil~
late with different amplitudes. Results of the analysis indicate that pump-
inlet flow perturbations can be suppressed by a suitable selection of the
compensating~bellows parameters.

INTRODUCTION

Longitudinal structural oscillations (O to 30 cps) occurring in launch ve-
hicles near the end of the boost phase have become a problem of increasing con-
cern with the trend to heavier space-vehicle payloads. As larger payload space
missions involving heavily loaded multistage vehicles are planned, increasing
attention will have to be given to the longiltudinal stability characteristics of
the boost vehicle.

The mechanism of longitudinal instability apparently involves propellant-
system flow perturbations driven by structural oscillations, which in turn pro-
duce oscillations in engine thrust. The thrust perturbations are fed back
through the structure to complete the mechanism. Although all aspects of the
problem are not fully understood, various dynamic models have been proposed to
study this problem (ref. 1). Reference 1 presents one of the more complete mod-
els of the system, which includes, for example, a distributed-parameter propel-
lent line, and the effects of mechanical oselllations of various parts of the
propellant system. A similar model is described in an unpublished report by
Dr. S. Rubin of Aerospace Corporation. These models provlide a means of in-
cluding the effects of proposed oscillation-suppression devices. The device
discussed herein represents a generalization of the concept embodied in the
constant-volume bellows proposed by Douglas Alrcraft Company for use on the fuel
side of the wvehicle.




The very complexity of the complete model for the oscillating system tends
to obscure the fundamental principles that must be considered in the design of
flow-suppression devices. DFor this reason a simplified analytical propellant-
system model was developed at the NASA Lewis Research Center. This report pre-
sents a simplified analysis of the feed system for one propellant when a com-
pensating bellows device 1s used for suppression of flow perturbations at the
inlet of the pump. By using the methods presented in references 2 to 4, the
transfer function expressing pump-inlet flow perturbation as a response to unit
structural velocity perturbation is obtained. This transfer function provides
a means of selecting an optimum value for the compensating bellows parameter.

ANATYSIS

Since longitudinal oscillations have been a problem only near the end of
the booster-burning period, a condition of nearly empty tanks is assumed. The
vehicle structure, including engines, payload, and a small amount of propellants
in the tanks, is assumed to be oscillating sinusoidally in the fundemental lon-
gitudinal mode at or very close to the natural frequency. Under these condi-
tions a nodal point exists near the upper end of the booster. The engine and
pump assembly is treated as a rigid unit with an oscillation velocity X%,.
(Symbols are defined in the appendix.) The velocity of oscillation of the bot-
tom of the propellant tank kt is related to kl by the mode~shape factor Oy

as
ky = Qgky (1)
station ~ Since the structure is lightly damped, the imaginary part
&/2 of ¢ 1is small compared with 1 and small compared with the
T real part except near a nodal point. (Complex numbers are
P — - used to represent sinusoidal oscillations according to the
%/ ~7t usual conventions. )

Pressure and volume-flow perturbations in the propel-
lant feed line are to be described by acoustic equations.
This description requires that the flow perturbation be
t measured in a reference system that does not oscillate.
Accordingly, reference station A (fig. 1) was selected to
represent the mean position of the lower end of the feed
line. Station A moves with the vehicle but does not oscil-
late. The compressibility in the pump-inlet region asso-
ciated with cavitation in the inducer stage is represented
symbolically by the bubble at the pump inlet (station B,
fig. 1). The compressibility is represented analytically
by Cg, the decrease in total volume of vapor bubbles in
the pump-inlet region per unit increase in suction pressure
under operating conditions. The flow into the bubble in
response to a sinusoidal variation of suction pressure is
given by
Figure 1. - Schematic represen- .

QB = AP s( 10303) (2 )

tation of propeliant feed system,
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The volume compensating device, shown at station D in figure 1, is attached
to the feed line at the inlet of the pump. It consists essentially of a vari-
able volume controlled by the relative displacement of two parts of the struc-
ture that oscillate with different amplitudes. The compensator is attached to
the pump assembly and therefore has the oscillation displacement x;. It is
connected by means of a mechanical linkage (or servomechanism) to a point in the
forward part of the structure having a displacement Xo = Poxj. The arrangement
shown in figure 1 illustrates a kinematic principle of operation but is not in-
tended to represent practical hardware. The volume enclosed by the compensator
is related to the displacement difference x7 - Xp by the following equation
that defines the kinematic factor k:

V = Vg + kS(x; - x2) (3)
The volume flow into the compensator is
@y = ¥ = kSxq(1 - op) (4)

The perturbation of flow through the pump is given by the following flow-
continuity equation:

AQp = My + Sk - Qg - Qp (5)

where 2Q, (positive downward) is the flow perturbation at the lower end of the

Teed line with respect to the nonoscillating reference station A, and Skl (pos-

itive upward) is the flow equivalent of the oscillation velocity of the pump as-
sembly.

The flow perturbation AQp depends on the pressure perturbations .at both

ends of the propellant feed line. The acoustic transmission line equation
(ref. 3) relating APy to 2Qy and APy is

APy = APg cos B+ 1iZgy AQy sin B (8)

where B =ol/a and Z, = pa/S.

The angle B 1is the phase shift in the line length 1 for a single sinus-
oidal wave train with propagation speed a, and Z, is the characteristic
acoustic impedance of the line. Since the distance from station A to the pump
inlet is negligible compared with 1, the suction-pressure perturbation APy 1is
used in equation (6) for the perturbation at station A. For booster vehicles
now in use the value of B is about 0.1l radian for the short line and 1.0 to
1.5 radians for the long line. ZEquation (6), therefore, can be solved for TASTY

AP AP
t s (7)

iZy sin B ~ iZ, tan B

My =

with the reservation that the following analysis is not valid when B ap-



proaches zero or .

Acoustic effects in the propellant tank can be neglected in determining
the perturbation pressure APy at the tank outlet because the height h of

propellant in the tank is small compared with 1/4 wavelength. Justifiably, the
effect on AP of the tank-outlet flow perturbation can also be neglected be-
cause the area of the feed line is only about 1 percent of the area of the tank.
With these approximations,

APy = phiy (8)
Replacing ﬁt by i&mtkl and using the parameters B and Z, give
. s h
APt = lSXlZOB 7 Cpt (9)

Substituting AP; from equation (9) into equation (7) gives

oy =B Do P
M = 81 577 g 7 Pt T T2 Tan B (10)

Substituting of equations (2), (4), and (10) into equation (5) gives the
pump-flow perturbation as & function of the structural oscillation velocity and
the suction pressure perturbation:

s B_h ; —
AQ,p = SXl [l + sin B 1 (Pt k(l - (Pz):l -1 APS (DCB - Zo tan B) (ll)
The apparent impedance, looking into the pump from the suction side, is de-

fined by

A-PS
Zp,s = Zﬁ;

(12)

The transfer function defining the pump-flow response to structural oscillation
is obtained from equation (11) by using Zp,S formally to eliminate APg

B
_ sin B 1 ?ﬁ,_ k(;_—.?2> (13)
Sk, . 1
1 1+ 1Zp SGDCB - ZO tan B)

The quantity Zp,s depends on pump characteristics, mean suction pressure,

and other factors including the amplitude and phase of the thrust-chamber per-

turbation pressure. Use of the term impedance is not intended to imply that

Zp s has the properties usually associated with the impedance of a passive ele-
2

ment or network. Very little information is available concerning either Cgp or



Zp,s: but it is probably safe to assume that the denominator in equation (13) is
not zero.

The pump-flow response to unit structural oscillation velocity can be mini-
mized by adjusting the factor k +to make the numerator in equation (13) pass
through zero at the time in flight when the likelihood of osecillation is
greatest. Thus, the optimum value of k 1is

(14)

where the values of @, ¢p, h, and B are taken at 5 to 10 seconds before
booster engine cutoff.

Examination of equation (13) suggests another possible method of reducing
the pump-flow perturbation. If the pump-inlet compliance could be greatly in-
creased, and thus Cp - (l/ZO tan B) could be made large compared with l/Zp,S,
the denominator in equation (13) would be made large compared with 1, and the
ratio AQP/Skl would thereby be reduced. The required increase in compliance
could be realized by attaching next to the pump inlet an accumulator having a
large compliance and small inertia and resistance. This arrangement would have
- the advantage of introducing a phase lag approaching 90° between AQP and kl.

Physical Interpretation

An examination of equation (11) provides a means of understanding the phys-
ical mechanism linking structural oscillations and propellant-flow perturba-
tions. This flow-continuity equation can be rewritten as follows with motion-
sensitive terms on the left side and pressure-sensitive terms on the right:

AP

7o tan B (1)

. h B . . .
SXl + 7 m CPtSXl - k(l - CPZ)SX:L = AQ,p + 1(1)CB APS +

The left side represents a net flow-perturbation input at the lower end of the
propellant line resulting from mechanical oscillation of the structure. The
Tirst term on the left side is the direct pumping action of the oscillation ve-
locity X7 of the pump assembly; the second term is the effect of the tank-
pressure perturbation caused by the oscillation wvelocity @tkl of the tank bot-
tom as modified by the acoustic transmission characteristics of the feed line;
and the third term is the compensating effect of the variable-volume device.
This input flow perturbation goes out in the three directions. One component
(AQP) goes through the pump, another (i AP.uCp) is absorbed by the pump-inlet
compliance, and the third (AIPS/:'LZO tan B) goes back into the feed line. The
total perturbation flow is divided among the three channels according to their
respective admittances, l/Zp’S, iwCq, and l/iZo tan B. The phasor sum of the
three outflow components equals the input flow perturbation. The pump suction-
‘pressure perturbation is determined by the input flow perturbation and the re-
sultant impedance of the three parallel channels; thus,



1

I (15)
+ i(l)CB +

- g _B b, . -

s S

1
iZ, tan B

The apparent pump-inlet impedance Zp’S defined in equation (12) depends
on the entire system downstream of the pump inlet and the relation between pump
flow and thrust-chamber pressure, but chamber pressure 1s also a function of
flow perturbations in the other propellant system. A mechanism of interaction
between the fuel and oxidant systems exists, therefore, and a reduction in flow
oscillations in one system may possibly lead to increased oscillation in the

other. -

Application

The volume compensator consists essentially of a variable volume controlled
by the relative displacement of two parts of the structure that oscillate with
different amplitudes. The device is located next to the pump inlet and requires
for its operation a mechanical connection to some point far enough forward on
the vehicle to have an oscillation amplitude significantly smaller than that at
the englne section.

On space-launch vehicles in which the long propellant line is firmly at-
tached to the bottom of the upper tank, the motion of the lower end of the feed
line may be used to actuate a compensating bellows device on the long-line sys-
tem. (The mode factors ¢ and @, would be the same in this case.) By means
of a suitable linkage, the relative motion of the lower end of the long propel-
lant line might also be used to drive a volume compensator on the short-line

side.

On vehicles in which a bellows is located between the upper tank and the
long propellant line no convenient source of forward-structure motiom is avail-
gble in the engine section. TFor such vehicles a relastive-motion signal could
be obtained from a taut wire or ribbon connected to some forward point on the
vehicle structure, but a servomechanism would probably be required to provide
the necessary stiffness.

The kinematic factor k depends on the dimensions of the device, the geom-
etry of the propellant system, and the kinematics of the actuating linkage. The
determination of k for a particular configuration is accomplished by comparing
it with the configuration of figure 1 (p. 2) (used to define k) in terms of the
propellant-system volume changes caused by unit upward displacements of the pump
assembly and the upper connection point. The comparison is facilitated by using
a form of the flow equation in which the effects of pump motion X7 and upper-
structure motion @Zkl are represented by separate terms. Substituting from
equation (4) into equation (5) and rearranging terms yield

My, - Qg - LAy = (8 - k8)ky + (kS)ppky (18)

From figure 1 it can be seen that S - kS, the coefficient of kl, repre-



sents the decrease in volume below station A that would result if the pump as-
sembly were given a unit upward displacement without moving the upper connection
point (station 2). The coefficient of @y%; is related in a similar way to mo-
tion of the upper point. Thus, a unit upward displacement of point 2 with the
pump fixed causes the volume below station A to decrease by kS.

Certain propellant-system configurations, in which the motion of the bottom
of the upper tank is transmitted to the engine section by the propellant line,
are shown in figure 2. An equation analogous to equation (16) can be written

AN B NN I T N A R

S S S S
Constant-
S volume
St bellows ‘!
— 3 ]L)
7/
S/

T
(a) (b} {c) (d) (e

(a) k = 0; straight bellows; bellows area S' equal to propellant line area S.

(b)Y k = (S - S"IS; straight bellows; bellows area S' not equal to propellant line area S.
(c) k = 1, constant-volume betlows.

(d} k = S'/S; compensating bellows with T-shaped pump-inlet configuration,

{e) k = 1+ SYS; inverted bellows with reverse bend in propellant line,

Figure 2. - Values of kinematic factor k for various possible configurations in which propellant line moves with tank. Forward-structure and
tank-bottom mode shape factors equal.

for each of these configurations by using the system geometry to determine the
coefficients of %y and @yX;. Thus, for figure 2(b), the volume decrease
caused by unit upward displacement of the pump is S', and the volume decrease
caused by unit upward displacement of the tank and feed line is -(8' - 8). The
flow equation 1s, therefore,

Eonfigura- Expression for + - My [Expression for k
tion in S " £, + Qg = My = (8%)k
figure -
2(a) (8)3% + (O)oyky o * (8- 8egky  (17)
2(v) (8% + (8 - SYogk (s -s")/s Equations (16) and (17) are
2(c) (0)iy + (8)pgiy T identical if k =(S - S')/s
- - and @5 = @i. This procedure
2(a) (8 - 8Nk + (8" kg st/s gives the following results
e . for the configurations shown
2(e) -8 + (8t + 8 S+ s')/s
(e (=513 + ek ( )/ in figure 2 (at the left).




CONCLUDING REMARKS

The results of this analysis suggest that the use of a volume compensator
on either the fuel or the oxidant system would effectively minimize propellant-
flow response to structural oscillations for that system, but because of pos-
sible interactions, would not necessarily eliminate oscillation of the vehicle.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, dJune 1, 1964
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APPENDTIX - SYMBOLS
a effective sonic speed in propellant in feed line, ft/sec
C compliance, cu ft/(1b/sq £t)
h liquid level in propellant tank, ft

i imaginary number (complex numbers are used to represent sinusoidal oscilla-
tions according to usual coanvention)

k kinematic factor (characterizes volume compensator), dimensionless
7 length of propellant feed line, ft

AP perturbation pressure, lb/sq T

Q volume flow rate, cu ft/sec

2 perturbatioﬁ flow rate, cu ft/sec

S area of cross section of feed line, sq ft

st area of cross section of bellows, sq ft
v volume of compensator, cu ft
o equilibrium volume of compensator, cu ft

b'e linear displacement with respect to nonoscillating reference system moving
with wvehicle, ft

Z acoustic impedance, (1b/sq ft)/(cu ft/sec)
Zg characteristic acoustic impedance
B sonic delay-time phase shift, radians

o} propellant density, slugs/cu t

® mode-shape factor, dimensionless

w first-mode natural frequency, radians/sec

Subscripts:

A nonoscillating reference station at lower end of line

B pump-inlet

D compensator




P through pump

s pump suction side

t bottom of propellant tank

1 engine section

2 forward structure connection point
Superscripts:

(), ()

10

first and second derivatives with respect to time
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